Extrusion cooking is an ideal method for the manufacture ready-to-eat snacks. The benefits include increased protein and starch digestibility in protein-enriched cereal snack products. Extrusion cooking needs to be controlled if product quality is to be maintained. Extrusion cooking was carried out at barrel temperature of 110˚C -150˚C, screw speed of 350 -450 rpm, and feed moisture of 12% -14% to investigate the effect of extrusion conditions on physical properties (expansion ratio and bulk density) of a rice, sorghum and soy flour blend. From response surface analysis, expansion ratio and bulk density were found to be significantly (P < 0.05) dependent on feed moisture and barrel temperature while the screw speed had a significant (P > 0.05) effect. Expansion ratio and bulk density ranged from 2.0 to 2.6 and 0.79 to 0.95 g/ml respectively. One hundred grams of the extruded product would supply 45% of the recommended daily allowance for protein in children aged up to 12 years. The mineral content in 100 g extrudates was found to be 52 mg calcium, 3.01 mg iron and 1.23 mg zinc. The retention of amino acids in the extruded products was 88% -95% with lysine-a limiting amino acid in cereals having a loss of 9.1% after extrusion. Extrusion conditions can be optimized to produce ready-to-eat snack products with high expansion ratio, low bulk density and a good nutritional profile to meet the growing consumer needs for nutritious ready-to-eat snack products.
Introduction
There is a growing consumer interest in ready-to-eat snack foods mainly due to their convenience, wide availa-
Materials and Methods

Materials and Chemicals
Rice and sorghum flour were obtained from a local miller. Defatted soy flour (45% protein) was from Chemicals & Solvents (E.A.) Ltd. A mixture of 65% rice, 20% sorghum and 15% defatted soy flour was mixed for 5 min in a ribbon blender ready for extrusion processing. All the reagents used for analysis were of analytical grade.
Extrusion Cooking
A co-rotating twin-screw extruder (DS32-II, Jinan Saixin Food Machinery, Shandong, People's Republic of China) consisting of three independent zones of controlled temperature in the barrel was used to carry out extrusion cooking. The length to diameter ratio of the extruder barrel was 20:1 while the diameter of the screw was 30 mm. The die diameter was 3 mm and the cutter speed was set at 20 rpm. The extruder was fed manually at the rate of 30 kg/h through a conical hopper while avoiding accumulation of material. The screw speed, the temperature of the third barrel section (metering section) and the water flow were adjusted to the required levels. After stable conditions were achieved the extrudates were collected into drying pans and dried in an air convection oven at 50˚C for 30 min to moisture content of 6.7% ± 0.15%. Dried samples were stored in air tight plastic containers at room temperature until analysis.
Experimental Design
Barrel temperature, screw speed, and feed moisture are the three most important independent factors that affect the properties of extrudates during extrusion. The extrusion conditions were optimized with Box-Behnken design for physical properties. Response surface methodology (RSM) was used to investigate the effect of the in-dependent variables on expansion ratio and bulk density. The independent variables and their levels were selected based on information obtained from literature and preliminary experiments. The factors and levels investigated in the study are shown in Table 1 . Experimental design, data analysis, and quadratic model building were conducted using the software Design Expert (Version 6.0.5, Stat-Ease Inc., Minneapolis, MN, USA). A Box-Behnken design with three variables was used to determine the response pattern and then establish a model [21] [22] . Five replicates at the center of the design were used to allow for estimation of pure error sum of squares. Experiments were randomized to maximize the effects of unexplained variability in the observed responses due to extraneous factors. The response function (Y) was partitioned into linear, quadratic, and interactive components.
where β 0 , B i , B ii and B ij are coefficients of intercept, linear, quadratic and interactive effects respectively. X i and X j are levels of the independent variables while k is the number of the tested factors (k = 3).
Expansion Ratio (ER)
Expansion ratio (ER) was determined according to the procedure described by Ding et al. [23] which defined ER as the ratio of the diameter of the extrudate to the diameter of the die. The measurement of 10 randomly selected extrudates was done using a vernier caliper and the average obtained. Expansion ratio was calculated as:
ER Diameter of extrudate Diameter of die =
Bulk Density (BD)
The displacement method by Seker [24] was used to measure bulk density (BD). Extrudates were cut into strands about 25 mm long and 15 g stands weighed (W ext ). They were then put in a 100 ml cylinder and yellow millet particles added to fill up the cylinder. The extrudates were taken out and the volume (ml) of the yellow millet particles measured (V ym ). Bulk density was calculates as: 
Proximate Analysis
The extruded products were analyzed for moisture, crude protein (N × 6.25), total fat and ash content using AOAC (2010) standard methods. Carbohydrate content was determined by difference 100 − (% moisture + % protein + % fat + % ash) while dietary fiber was by AACC [25] standard method.
Mineral Analysis
Selected minerals were determined using the atomic absorption spectrophotometer (AAS) method [26] . 1 -2 g of sample was ashed and dissolved in 5 ml of 20% hydrochloric acid (HCl). Calcium, zinc and iron were determined by a Perkin Elmer Model 603 atomic absorption spectrophotometer. For calcium the final solution contained 1% lanthanum to overcome interferences.
Amino Acid Analysis
The method of Sotelo et al. [27] was used to determine the amino acid content of the samples. One gram of sample was dissolved in 20 ml of 6 N HC1. This was then poured into a hydrolysis tube with screw cap and hydrolysed for 22 h under a nitrogen atmosphere. The acid was evaporated using a rotary evaporator (and residue washed three times with distilled water). The extracted sample was dissolved in 1 ml acetate buffer of pH 3.1. After dilution to a known volume, the hydrolysate was transferred into a Beckman system (model 6300) high performance amino acid analyzer.
Results
Model Fitting
The extrudates experimental values of ER and BD using the Box-Behnken design are given in Table 1 . Analysis of variance (ANOVA) ( Table 2 ) indicated that the model fitness was significant (P < 0.05) while the lack of fit was not significant (P > 0.05) for both ER and BD. Coefficient of determination (R 2 ) is defined as the ratio of the explained variation to the total variation, and is a measurement of the degree of fitness. For the expansion ratio, R 2 was 0.9813 and CV 1.56 while for bulk density R 2 was 0.9819 and CV 1.03. By computation, the optimal conditions for the production of an extruded snack with high ER (2.60) and low BD (0.79 g/ml) were found to be; barrel temperature 120˚C, screw speed 444 rpm and feed moisture of 13%.
Expansion Ratio (ER)
The mathematical model representing ER of extrudates as a function of the independent variables within the region under investigation was expressed by the following equation: 
where X 1 , X 2 , and X 3 are the coded variables for barrel temperature, screw speed, and feed moisture respectively. Barrel temperature and feed moisture had significant (P < 0.05) effect on the expansion of extrudates. Figure 1 shows the effect of extrusion conditions on the expansion ratio of extrudates. The effect of temperature (P = 0.0177) and that of moisture (P < 0.0001) significantly (P < 0.05) affected ER while that of speed (P = 0.7419) was not significant. The interaction effects were all significant. Expansion ratio in the extrudates ranged from 2.0 to 2.6 ( Table 1 ). The ER of extrudates increased with increase in temperature up to about 130˚C and thereafter there was a decrease with further increase in temperature (Figure 1(a) and Figure 1(b) ).
Bulk Density (BD)
Bulk density which indicates the porosity of the snack was significantly (P < 0.05) affected by the barrel temperature and moisture content but had no significant (P = 0.7006) effect with screw speed. The fitted model for bulk density is given below: 
where X 1 , X 2 , and X 3 are the coded variables for barrel temperature, screw speed, and feed moisture respectively. Bulk density of the extrudates ranged from 0.79 to 0.95 g/ml ( Table 1 ). Figure 2 shows the response surface plot for the effect of extrusion conditions on BD. Feed moisture had the highest significant effect (P < 0.0001) on BD. Low feed moisture had a decrease effect on BD (Figure 2(c) ) while increase in barrel temperature from 110˚C to 140˚C led to a decrease in the BD of extrudates (Figure 2(a) ). Figure 2(b) shows that the interaction of feed moisture and barrel temperature led to a decrease in the bulk density.
A significant (P < 0.05) negative correlation (r = -0.76) was found between expansion ratio and bulk density. 
Proximate Analysis
The extruded snack product prepared using optimized conditions was analyzed for proximate composition. The moisture content was found to be 6.72% ± 0.15%, protein 15.31% ± 0.12%, fat 1.89% ± 0.09%, ash 3.01% ± 0.11%, carbohydrates 73.07% ± 0.08% and dietary fiber of 5.20% ± 0.011%. Selected minerals (calcium, iron and zinc) were also determined. The content was 52 ± 0.21 mg calcium, 3.01 ± 0.11 mg iron and 1.23 ± 0.92 mg zinc per 100 g product. Table 3 shows the amino acid composition of the blend before extrusion and the extruded product. In this study the retention of amino acids in the extruded products was high (88% -95%) with lysine a limiting amino acid in cereals having a loss of 9.1% after extrusion. The extruded snack produced from rice, sorghum and defatted soy flour blend had lysine content of 1.19 ± 0.09 g/100g sample ( Table 3 ).
Amino Acid Composition
Discussion
Generally, the validity of the model is judged by the lack of fit to check its adequacy. Exploration and optimiza-tion of a fitted response surface may produce poor or misleading results, unless the model exhibits a good fit.
The results indicate that the model equation was adequate for predicting the responses under any combination of independent variables. The model had a high coefficient of determination (R 2 ) and low coefficient of variation (CV). The model fits well with the actual data when R 2 approaches unity. The study therefore indicates that there was a good precision and reliability for the experiment.
Expansion ratio describes the degree of puffing a sample undergoes as it exits from the extruder. A higher expansion ratio is desirable in the production of extruded snacks. Feed moisture has been found to be the most significant factor affecting expansion ratio [23] . Increase in feed moisture from 10% to 13% led to an increase in ER which then decreased when feed moisture was increased further to 14% (Figure 1(b) and Figure 1(c) ). Hagenimana et al. [28] reported a decrease in ER with increasing feed moisture from 16% -22% when rice flour was extruded in a twin screw. They found ER of extrudates ranging from 1.61 to 3.94. Suitable moisture which is dependent on extrusion conditions and feed composition is important for expansion of an extruded product. Too much moisture reduces shear strength and energy input to the material resulting in decreased moisture evaporation at the die exit and therefore low ER [6] . In our study the use of soybean and sorghum flour increased the protein level and decreased the starch level in the blend which may have impended full starch gelatinization. Devi et al. [7] in development of a protein-rich sorghum expanded snack reported an increase in expansion ratio with increase in corn flour and a decrease with the addition of protein source. This indicates that the structure of extruded products depends on starch gelatinization. Increasing the ratio of starch to protein leads to formation of a continuous starch matrix that enables water vapour to expand because starch melt viscosity is lower than protein melt viscosity [7] [14] [29] . The decrease in ER with a further increase in temperature beyond 130˚C was probably due to the greater fragmentation of starch as reported by Hagenimana et al. [28] .
The non-significant (P = 0.7006) effect of speed screw on bulk density in this study is in agreement with Suksomboon et al. [30] . Hagenimana et al. [28] reported a range of 0.1248 to 0.6937 g/cm 3 in expanded products made from rice flour. Values in our study were higher due to high protein levels in the blend and the properties of protein in sorghum flour. The Kafirin storage proteins which are the majority of sorghum proteins are generally not thought of as functional proteins and might impede full starch gelatinization [31] . An inverse relationship has been reported between feed moisture content and the density of extrudates [23] [32] . Increase in barrel temperature would have led to superheating of water which led to bubble formation and also a decrease in melt viscosity which increased expansion and decreased density. Ding et al. [23] reported the same results with rice-based expanded snacks while Thymi et al. [18] reported a reduction in bulk density of expanded wheat snacks with high barrel temperature of up to 140˚C. The higher the expansion ratio, the lower the bulk density, One hundred grams (100 g) serving of the extruded product will supply 45% of the recommended daily allowance (RDA) of protein (RDA of 34 g/day) for children up to 12 years old. The extruded product represents a good source of protein and dietary fiber. The micronutrient profile indicates that the extruded product developed with high expansion and low bulk density was also rich in minerals. Snacking with this kind of product will help improve the nutrient requirements giving the increase in snacking trends [1] .
A high loss in lysine implies a reduction in the nutritional value of the extruded cereal products. Iwe et al. [33] reported available lysine range of 68% -100% in extrudates of a mixture of defatted soy flour and sweet potato flour. Loss in amino acid may be due to Maillard reaction that occurs between free amino groups of protein and carbonyl groups of reducing sugars. Lysine loss in extrusion is largely influenced by process temperature, feed moisture, and the presence of other sugars. Low-moisture conditions and high temperature promote Maillard reaction which according to Singh et al. [3] causes significant loss in lysine (5% -40%) and other sulphur containing amino acids in conventional steam-based extrusion depending on processing conditions and ingredient composition. The daily lysine requirement for humans is 1.0 -1.5 g [16] which means the extruded product in this study can supply lysine within the daily requirement.
The inclusion of a soy protein source in cereal flour increases the protein content and improves the amino acid balance in the extruded products which ultimately improve the nutritional value of the products. A blend of rice, sorghum and defatted soy flour can be used to prepare ready-to-eat snacks with improved nutritional profile and textural properties. These results will assist the food industry whose focus is research and product development towards production of nutritious extruded snack products.
